Introduction
Water management is critical to achieving high performance of PEM fuel cells.
As a vessel of protons, the polymer electrolyte membrane requires sufficient water to exhibit a high ionic conductivity. During fuel cell operation, water molecules migrate through the membrane under electro-osmotic drag and Flckian diffusion, making it difficult to retain a high water content within the membrane. Generally, humidification is applied to the inlets of the anode ardor cathode in order to supply water to the membrane region. On the other hand, water is generated at the the electrochemical reaction of H+/02. If the water cathode/membrane interface due to generated is not removed from the cathode at a sufficient rate, cathode flooding may result and the oxygen gas transport is hindered. Thus a relatively dry air at the cathode inlet is sometimes helpful to remove excessive water. . Regime III (when lC,Z<]<]C,J): The cathode is largely occupied by the two-phase mixture and liquid water starts to appem along the cathode/channel interface, however the flow channel remains in the gas phase; and . Regime IV (when 1.,3<1<1-): Liquid water appears inside the flow channel and a two-phase mixture exists throughout the cathode and its adjacent channel.
To obtain analytical estimates of the above threshold current densities defining various regimes, consider a one-dimensional water transport process along y-direction only: Water generated at the membrane/cathode interface is transported through the cathode into the gas channel and then carried away to the channel exit. Assuming that the net water transport across the membrane to the cathode is quantified by a net water transport coefficient, the rate of water generation at the membrane/cathode interface can then be expressed, according to Faraday's law, as
where cr is the net water transport coefficient "across water flux across the membrane from the anode to the this water flux is a combined result of electro-osmotic the membrane, i.e. the ratio of the proton flux transported. Physically.
drag and molecular diffusion.
In the case of no liquid formation, gas diffusion is generally the main mechanism for water transport through the porous cathode and gas convection is negligible due to the small permeability. 
where hm is the mass transfer coefficient between the porous cathode and gas channel.
Combining Eqs. (2) and (3) results in:
The two mass transfer resistances in the denominator of Eq. ifH'ql+2a) (5) . If the cell current density exceeds IC,l, a gas-liquid zone appears in the vicinity of the membrane/cathode interface. An evaporation front separates the two-phase zone from the single-phase region in the remainder of the cathode. Liquid phase transport becomes a transport mechanism for the water generated at the membrane/cathode interface and transported through the two-phase zone to the evaporation front where liquid water evaporates and is removed in the vapor form via gas diffusion and convection. The evaporation front propagates towards the flow channel and the two-phase zone expands --as the current density increases The second threshold current density takes place when the evaporation front reaches the cathode/channel interface. Hence, according to Eqs. ( 1) and (3), one has Note and (6) are
MH'o(l+2a) < that both the first and second threshold current densities given by Eqs. (5) dependent on the average water vapor density in the gas channel. This parameter increases down the channel due to the continual addition of water vapor from the cathode; namely, With Eq. (7), Eqs. (5) and (6) can now be rewritten as:
where
. .
is the relative humidity of gas at the itdet. Note that the first threshold current density is dependent on the water vapor diffusion resistance in the porous cathode, the mass transfer resistance at the porous channel to carry away cathode/gas channel interface, and the ability of dry air in the water vapor. The diffusion resistance in the porous cathode becomes irrelevant for the second threshold current density.
It is evident from Eq. (7) that the average water vapor density at the exit of the flow chaqmel may reach the saturated value corresponding to the cell temperature, marking the end of the third regime. Accordingly. the third threshold current density can be estimated from Eq. (7) as follows:
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Any current density higher than J,.,j requires water to be removed from the flow channel in the liquid form, leading to a two-phase flow of gas and liquid within the flow channel.
Finally, there exists an absolutely maximum current density at which all oxygen supplied into the flow channel is consumed. Since the oxygen supply rate to the inlet is:
according to Faraday's law, the maximum current density is then given by:
0, where p8j,, can be determined from the ideal gas law.
,", All parameters required to estimate the four current densities are readily available from the operating conditions except for the net water transport coefficient and the mass transfer coefficient at the interface between the porous cathode and flow channel. The net water transport coefficient is a combined result of electro-osmotic drag and Fickian diffusion in the membrane region, thus its rigorous determination requiring a fdl cell analysis. Some estimate of this parameter has been made by Yi and NG~yenlO.
To estimate the mass transfer coefficient at the cathode/channel interface, consider mass transfer in a fully laminar flow through a parallel-plate channel with a constant mass flux applied at one surface and no-flux at the other. In this situation, the dimensionless mass transfer coefficient defined by Sherwood number is given by 'j:
Although the fuel-cell flow channel differs slightly from the geometry described above because the cathode/channel interface is permeable. the calculation based on the detailed numerical results to be reported in the following yields a Sherwood number of 2.637 for the present problem. This good agreement with Eq.( 14) not only indicates that there is negligibly small flow through the cathode of low permeability, but also confirms that the interracial mass transfer coefficient can be safely represented by Eq. ( 14) .
Using the properties listed in Table 1 and the operating parameters summarized in Table 2 , Figure 3 illustrates the effect of the air inlet velocity on the four threshold current densities. It can be seen that the maximum and the third threshold current densities linearly increase with the air inlet velocity, as appient from Eqs. ( 11) and (13) .
However, the dependence of both the first and second threshold current densities on the air inlet velocity is weaker, especially under large velocity conditions. In fact. the first 
Numerical Nlodeling
Several prior models have treated the first regime described single-phase operation of the air cathode9' '0"16.The second regime above. namely the that involves twophase flow and transport in the air cathode has yet to be modeled. Moreo~er, no model has been able to include both the first and second regimes as well as their transition.
Therefore, the main objective of this section is to present a unified model that encompasses both the first and second regimes and ensures a smooth transition between the two. To account for liquid phase transport by capillary action in the two-phase zone, evaporation-condensation phase chmge at the evaporation front, and multicomponent gas transport due to both diffusion and convection within the single-phase region, the multiphase mixture model previously developed by Wang and co-workers 13. 17-21. Is conveniently applied. The reader is referred to Wang and Cheng*3 for details of the multiphase mixture model and its applications to a number of multiphase transport problems in porous media. In the following, only the governing equations for the present problem are summarized.
. 
Governing Equations
where species i represents Oz or HZO and subscript denotes a gas (g) or liquid (~phase.
A unique feature of the multiphase mixture model is that it does not need to track phase interfaces separating single-from two-phase regions and hence greatly simplifies numerical simulation of the present problem. In fact, all the above governing equations identically reduce to their single-phase counterparts in the limits of the liquid saturation, s, equal to zero and unity, respectively.
Mixture parameters
In the governing equations (15)- (17) 
In addition to the above conservation equations, the multiphase mixture embodies the following important relation for calculating the individual phase velocities from the mixture flow field:
Physically, the first term on RHS represents the capillary flow due to the gradient in meniscus cumature, whereas the second term accounts for gravity-induced phase 
.
where pV (7) is the water vapor saturation pressure and can be obtained from the steam 
within the two-phase zone, assuming that oxygen is insoluble in the liquid phase.
Boundaq Conditions
At the inlet of the gas channel, constant flow rate and mass concentration of each species are specified. At the outlet, both velocity and concentration fields are assumed to be fully developed. Hence:
At O<y<H~c: where the capillary diffusion coefficient, DC, is given by:
The Oz mass flux at this boundary can be expressed as:
whereas the HZO mass flux has been given by Eq. (1). Tafel equation is employed to describe the local current density along the electrode/membrane interface; namely,
where the term (1-s) is used to account for the fraction of surface rendered inactive by the presence of liquid water.
At the bottom of the gas channel: 
Results and Discussion
The coupled governing equations (15)- (17) with the boundary equations (36)- (41 ) and (46) are solved numerically by a finite-volume-based finite difference method.
Numerical details were previously given by Wang!' and thus are not repeated here. The relevant parameters used in all simulations reported in the following are listed in Table 1 . Figure 4 shows a simulated polarization curve for a cathode under the operating conditions described in Table 2 . The present curve only considers the voltage loss at the cathode and ignores the anode kinetic polarization and membrane ohmic loss. Thus, the polarization curve is higher than experimental results as expected, but its general trend compares well to typical experiments '. At low current densities, the cathode activation overpotential is solely responsible for the densities, more oxygen is consumed cathode/membrane interface due to both potential losses of the cell. At-higher current and more water is generated at the the electrochemical reaction and the water transport across the membrane from the anode. The cell polarization then begins to be limited by the transport of Oz. As the current density exceeds the first threshold value, i.e. indicated in Fig.4) , their respective analytical estimates are 1.29A/cmz and 1.88iWcmz as can be obtained from Fig.3 . The good agreement in the first threshold current density is surprising, and the reasonable agreement in the second threshold current density is expected, considering that the analytical estimates are oniy approximate averages over the entire fuel cell flow path.
J Figure 5 shows the velocity field of the two-phase mixture in the cathode and gas channel for the Base Case (i.e. at the average cell current density of 1.4 A/cmz). As . This leads to a decreased concentration gradient in water vapor and hence a lower water vapor diffusion rate from the cathode/membrane surface to the gas channel. As a result, liquid water may first appear in the vicinity of the cathode/membrane interface near the channel outlet. A two-phase zone at this location is indeed predicted in the present simulation shown in Fig.6 , where the water vapor concentration is seen to be kept at the saturated value, i.e. 0.2907, corresponding to the operating temperature of 80°C. It is also seen that the two-phase zone is confined within the cathode at the average current density of 1.4 A/cmz, confirming the foregoing classifkation of the first and second regimes. To display individual velocity field of each phase in the porous cathode, the gas and liquid velocities are calculated from the mixture velocity according to Eqs. (29) and (30) and shown in Fig. 8 (a) and (b) , respectively. Within the two-phase zone, liquid water flows towards the evaporation front under capillary action. The maximum liquid velocity is approximately 2.3x10-5 n-ds. The gas velocity field shown in Fig. 8(b) differs from the liquid velocity by three orders of magnitude and displays the single-and two-phase regions. In the single-phase region, the gas opposite patterns in velocity is primarily normal towards the cathode/channel interface due to the non-zero gas velocity created by the electrochemical reaction of H+/Oz. It is noted from Eq. (40) along with Eqs. (1) and (44) that the normal velocity at the reaction surface is negative (pointing away from it), in accordance with the physical process that hydrogen ions are recombined with Oz to produce water. Across the evaporation front, however, the gas flow reverses its direction, leaving away from the evaporation front again due to capillary action in the two-phase zone. The m~ximum gas velocity is approximately 0.005 m/s in the single-phase region while 0.02 m/s in the two-phase zone. For a cathode thickness of 0.0005 m and the gas diffusivity of around 3X10-5mz/s for both water vapor and oxygen, the Peclet number for gas transport is thus 0.08 and 0.32 for single-and two-phase zones, respectively. This implies a definitely negligible contribution of gas convection in the single-phase region but some effect of gas convection in the two-phase zone. (45) . This is shown in Figure 10 where the local current density is equal to 2.22 A/cmz at the inlet but only 0.86 A/cmz near the outlet. Thus, the water generated at the inlet is 2.5 times of that at the outlet.
With increasing average current density, the non-uniformity of the current density profile becomes more severe. Therefore, a large amount of water is generated near the cathode inlet where a large local current density prevails. At the same location, the removal rate of water via diffision is high also. The opposite is true for the cathode outlet. Therefore, a liquid island may form anywhere within the cathode as a result of the balance between water generation and removal.
A slightly abrupt change in the slope is also noted from Fig. 10 at x=O.8 cm for the local current density profile. This location corresponds exactly to the beginning of the two-phase zone along the reaction surface. The local current density is reduced as liquid water forms and subsequently impedes the oxygen supply to the electrochemical reaction surface. On the other hand, the reduced electrochemical reaction rate could diminish the liquid water zone thus leading to a higher current density. The interaction between the liquid water formation and electrochemical reaction at the cathode/membrane interface, leading to an oscillatory behavior, has been well observed in fuel cell experiments, especially when the cathode is partially flooded.
Conclusions
Four regimes of water transport and distribution in PEMFC air cathodes have been classified and their respective boundaries defined by three threshold current densities and a maximum current density. They Conespond to first appearance of liquid water at the membrane/cathode interface, arrival of the gas-liquid two-phase zone at the Similarly, the DMFC anode where the liquid phase is a methanol aqueous mixture and the gas phase is cmbon dioxide can be treated by the present model. . -+-/ -+ ;/l + .+ --+,/. 
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